Abstract Pesticide contamination is one of the most serious threats for agricultural soils. Excessive pesticide levels in soil can exert negative effects on soil-dwelling organisms by decreasing their bioavailability and, consequently, lowering soil quality. This study aimed to evaluate the effect of a mixture of spiroxamine, tebuconazole, and triadimenol (S + Te + Tr) on the biological activity of soil determined based on the proliferation of microorganisms and their diversity, enzymatic activity of soil, and resistance of Triticum aestivum L. A pot experiment was performed on sandy loam (pH 7.0) treated with four doses of the tested active ingredients: 0.000, 0.092, 2.76, 13.80, and 27.60 mg kg −1 . Soil without the fungicide served as the control sample. The tested fungicide induced changes in the biological activity of soil. When administered to the soil in the highest dose (27.60 mg kg −1 DM of soil), it inhibited its biological activity. It significantly inhibited the proliferation of organotrophs, actinomycetes, and fungi, but still the most susceptible to its effects turned out to be fungi. .
without the fungicide served as the control sample. The tested fungicide induced changes in the biological activity of soil. When administered to the soil in the highest dose (27.60 mg kg −1 DM of soil), it inhibited its biological activity. It significantly inhibited the proliferation of organotrophs, actinomycetes, and fungi, but still the most susceptible to its effects turned out to be fungi. Fungicide dose of 27.60 mg kg −1 decreased counts of organotrophic bacteria, actinomycetes, and fungi by on average 0.009 log, 0.100 log, and 0.282 log, respectively, compared to the control sample. Administration of the S + Te + Tr mixture to soil decreased also values of colony development index (CD) determined for all tested groups of microorganisms. Values of the ecophysiological diversity index (EP) decreased in the case of organotrophs and actimomycetes and increased in the case of fungi. The S + Te + Tr mixture inhibited activities of dehydrogenases, urease, and acid phosphatase. Significant changes were also reported in the growth of spring wheat. The resistance index (RS) calculated based on plant yield demonstrated spring wheat to be very susceptible to the tested preparation administered to soil in doses of 13.80 and 27.60 mg kg
Introduction
Pesticides improve productivity and the quality of agricultural crops, which is why they are widely used around the world. From the economic point of view, pesticides are an effective tool for fighting pests in most agricultural sectors (Stenrød et al. 2013 ); yet, prolonged and improper use of those plant protection products can exert negative effects on the natural environment (Yang et al. 2012) . When applied frequently during the growing season, pesticides can produce results that are contrary to their intended purpose, namely unnatural selection of living organisms that are not targeted by those chemicals. Pesticides are often used without sufficient knowledge about the risks associated with agricultural chemicals (Carvalho 2017) . According to Muñoz-Leoz et al. (2011) , only 0.3% of the product is used to fight pests, whereas remaining 99.7% is released into the environment and poses a threat for beneficial organisms. The highest levels of pesticide accumulation are found in soil. Chemicals may be subject biological or physicochemical changes in the soil environment, and microbial decomposition is the primary mechanism responsible for the elimination of those compounds from soil. Microbial metabolism plays a very important function in the degradation of xenobiotics in soil. Microorganisms capable of decomposing pesticides use those chemicals as a source of nutrients. Microbial breakdown of pesticides is determined by soil conditions and the persistence of active ingredients (Álvarez-Martín et al. 2016; Wyszkowska et al. 2016) . Despite microbial transformation, pesticides can exert a negative effect on soil organisms, including microorganisms. This leads, among other things, to lowering soil productivity. Some microorganisms are highly sensitive to pesticides, whereas others develop pesticide resistance mechanisms. Microorganisms and soil enzymes rapidly respond to stresses and are reliable bioindicators of changes in soil ecosystems (Lombard et al. 2011; Lupwayi et al. 2010) . The presence and retention of pesticides in soil can have adverse consequences for the soil environment (Mahapatra et al. 2017; Niewiadomska et al. 2018) . In most cases, pesticides inhibit the activity of soil-dwelling microorganisms. Soil-dwelling microbes are the first organisms to come into contact with soil pollutants, and they can be used as biological indicators to evaluate the severity of contamination with man-made chemicals (Garcίa-Gil et al. 2013; Ju et al. 2016; Mohiuddin and Mohammed 2013) . Soil enzymes participate in various soil processes, and they can be used as environmental biomarkers based on their responses to soil stresses (Bennicelli et al. 2009 ). Intracellular and extracellular enzymes can catalyze biochemical processes. They participate in the circulation of elements, mineralization of organic compounds, and transformation of pollutants (Kızılkaya et al. 2012; Kumar et al. 2017; Wu et al. 2017) . Soil enzymes are significantly influenced by pesticides which can exert a stimulating effect when applied in small amounts and inhibit enzyme activity when used in high doses (Saha et al. 2015; Tao and Yang 2011) .
Spiroxamine is a ketoamine group compound which inhibits sterol biosynthesis. It is used to control powdery mildew in cereals and vegetables. Spiroxamine has a half-life of 37 to 44 days in soil. The compound is decomposed into four metabolites: spiroxamine despropyl, spiroxamine desethyl, spiroxamine aminodiol-N-oxide, and spiroxamine acid (Sukul et al. 2010) . Tebuconazole is a systemic fungicide from the triazole group. It is applied to control fungal diseases in crop plants, mainly cereals and maize. Tebuconazole inhibits the biosynthesis of sterols and disrupts the synthesis of fungal cell walls. The compound is characterized by high persistence and low or moderate mobility in soil (Ahemad and Khan 2012; Herrero-Hernández et al. 2011) . Its half-life under aerobic conditions in soil is estimated at 49 to 610 days (Muñoz-Leoz et al. 2011) . Triadimenol is a systemic fungicide from the triazole group. It is applied to control powdery mildew. Triadimenol has two chiral centers and one to two enantiomeric pairs. It occurs in four steroisomeric forms: (1R, 2S)-triadimenol, (1S, 2R)-triadimenol, (1R, 2R)-triadimenol, and (1S, 2S)-triadimenol (Dong et al. 2010) .
The main objective of this study was to evaluate changes in the soil environment induced by a combination of three active substances (spiroxamine, tebuconazole, triadimenol) based on microbial abundance and biodiversity, enzyme activity levels, soil resistance, and resilience values. According to our best knowledge, there are no comprehensive assays for evaluating the combined impact of those compounds on the biological activity of soil. A knowledge of the toxic effects of the tested compounds on soil-dwelling microorganisms can be used to develop threshold doses of pesticides that do not have a detrimental impact on the soil environment.
Materials and methods

Soil
The brown soil formed from sandy clay was taken from the area of north-eastern part of Poland (53.71610°N, 20.41670°E), located in Central Europe. The granulometric composition of sandy loam, physicochemical parameters of soil, and determination methods are described in a work by Baćmaga et al. (2016) .
Fungicide
The fungicide used in the study was Falcon 460 EC, whose characteristics is given in the study by Baćmaga et al. (2016) . PEC (predicted environmental concentrations) of the tested active substances are given in Table 1 .
Experimental design
A pot experiment was conducted in a greenhouse (four replications). Polyethylene pots were filled with 3-kg samples of sandy loam each. The soil was combined with the respective dose of the fungicide and mineral fertilizers. A mixture of S + Te + Tr was used to soil samples in doses: 0.000, 0.092, 2.76, 13.80, and 27.60 mg kg . Mineral fertilizers were applied in accordance with the requirements for spring wheat. The moisture content of the soil material was 50%. After 7 days, spring wheat (Triticum aestivum L.) cv. Torka was sown (12 plants per pot). At 25 and 50 days after sowing, soil samples were collected from pots with different doses of the spiroxamine, tebuconazole, and triadimenol mixture to create a pooled sample with the weight of 400 g, in order to perform enzymatic and microbiological analyses.
Soil microbiological analysis
Soil materials were subjected to microbiological analyses to determine the number of actinomycetes, fungi, and organotrophic bacteria (three replications). A detailed methodology used to determine numbers of soil microorganisms was described by Kucharski et al. (2016) . On the basis the number of microbial, the colony development (CD) index (Sarathchandra et al. 1997) and the ecophysiological diversity (EP) index of microorganisms (De Leij et al. 1993) were calculated. The number of colonies formed over specified time intervals (K s ) was determined according to formula by Tomkiel et al. (2015) .
Soil enzymatic activity
The enzyme activities (acid phosphatase, alkaline phosphatase, catalase, dehydrogenases, and urease) were determined (on days 25 and 50) in the soil samples in three replications. The determine procedure was the same as in the study by Borowik et al. (2017) .
Resistance of spring wheat to soil contamination with a mixture of S + Te + Tr On day 7, seeds of Triticum aestivum L. cv. Torka (25 pieces) were seeded per pot. After the germination of the seeds, 12 plants were left per pot. Triticum aestivum L. was collected on day 50 at the BBCH 52 heading stage. Aboveground plant parts were dried at 65°C, dry matter yield was determined, and the results were used to calculate spring wheat's resistance (RS) to the tested fungicide (Orwin and Wardle 2004) .
Statistical analysis
The results were analyzed statistically using the Statistica 12.0 software (Stat. Soft Inc. 2015) with the use of two-way ANOVA (at significance level of p = 0.05). Homogeneous groups were determined in Tukey's range test. The abundance of soil-dwelling microorganisms was presented in a dendrogram with the use of cluster analysis (Ward's method), and soil enzymatic activity was presented with the use of principal component analysis. The correlation coefficients between the fungicide dose and the analyzed parameters were calculated. The proportion of variance explained in microbial abundance and enzyme activity was calculated with the use of coefficient η 2 .
Results and discussion
Soil microorganisms
The effect of the fungicide on the number of microorganisms was dependent on its dose and the time of retention in the soil. It has been shown that the mixture of S + Te + Tr dose influenced the numbers of organotrophic bacteria in 35.74%, actinomycetes in 33.71% and fungi in 51.07%. The date of analysis was a less influential factor in microbial proliferation. Fungi were most sensitive to the applied mixture of S + Te + Tr (Table 2) , as revealed by the highest negative correlation coefficients between fungicide dose and fungal abundance (r = − 0.941 on day 25, r = − 0.947 on day 50). The fungicide dose of 27.60 mg kg −1 decreased fungal numbers by 0.264 log on day 25 and by 0.300 log on day 50 relative to the control sample. This response of fungi to S + Te + Tr mixture stems from the fact that it is used in plant protection against fungal pathogens. Hence, fungi proliferation in the soil environment was significantly inhibited . Organotrophic bacteria and actinomycetes produced more varied responses to the tested preparation. Counts of organotrophic bacteria in the soil non-contaminated with S + Te + Tr mixture reached 9.946 log cfu kg −1 on day 25 and 9.903 log cfu kg
on day 50 of the experiment. On day 25, fungicide doses between 2.760 and 27.60 mg kg −1 decreased the numbers of organotrophic bacteria by 0.113 to 0.212 log, respectively, but on day 50, they exerted a stimulating effect on bacterial proliferation (population number increase from 0.032 log to 0.149 log). The observed enhanced proliferation of organotrophic bacteria could be due to their capability for fungicide degradation to less toxic compounds and for simultaneous use of active substances of the tested preparation as sources of energy and nutrients (Bishnu et al. 2012) . These microorganisms could be more tolerant to S + Te + Tr mixture and, by this means, could adapt to unfavorable conditions it caused (Xu et al. 2014 ). In addition, once the fungicide had been administered to the soil, organotrophic bacteria did not have to compete with fungi, and these circumstances afforded favorable conditions for their growth and development (Cycoń et al. 2010) . The highest numbers of organotrophic bacteria (10.052 log cfu kg
) were noted in pots with the fungicide dose recommended. When applied in higher doses, the fungicide inhibited the proliferation of actinomycetes. The number of actinomycetes in the control soil accounted for 9.706 log cfu kg −1 on day 25 and for 9.861 log cfu kg −1 on day 50.
The highest dose (27.60 mg kg
) reduced actinomycete numbers by 0.04 log on day 25 and by 0.160 log on day 50. The inhibition of actinomycete growth could be induced by the additive or synergistic effects of active substances of the preparation Tejada 2009) . A decrease in their population could also be due to the formation of more toxic metabolites during x average, r coefficient of correlation. Identical letters in columns denote homogeneous groups within a given microbial group degradation of active substances in the soil, which inhibited the development of microorganisms (Muñoz-Leoz et al. 2013) . The adverse impact of the mixture of S + Te + Tr on soil-dwelling microorganisms could ensue from the synergistic effect of those active ingredients (Tejada 2009) or the formation of secondary metabolites having greater toxicity than the original compound (Bello et al. 2008) . Microbial responses to the tested preparation were presented in a dendrogram with the use of cluster analysis (Fig. 1) . Two homogeneous groups can be identified in the diagram. The first group is composed of actinomycetes and organotrophic which reacted in a similar manner to soil contamination with the tested fungicide. The second cluster was formed by fungi which were most sensitive to the analyzed product. Pesticides generally induce morphological changes in microorganisms and decrease their biological activity. Negative impacts of fungicides on the population of soil microorganisms were also reported by Baćmaga et al. (2018) , Guo et al. (2015) , Muñoz-Leoz et al. (2011), and Saha et al. (2016) .
According to Sułowicz and Piotrowska-Seget (2016) , improper use of pesticides can provoke modification in the biodiversity and structure of soil-dwelling microorganisms. The CD index and EP index presented in Table 3 provide valuable information about the microbiological condition of soil. The lowest average values of the CD index were noted in actinomycetes on experimental days 25 and 50 (35.766 and 30.439, respectively) , whereas fungi CD values were the highest on these dates (38.369 and 43.560, respectively). According to Sarathchandra et al. (1997) , higher CD values point to a greater advantage of r-strategists (rapidly proliferating microorganisms which colonize less stable habitats) over K-strategists (slowly proliferating or dormant microorganisms). Baćmaga et al. (2015) observed that CD values of all tested microorganisms increased under the Alister Grande 190 OD preparation. In present research, exposure to high doses of spiroxamine, tebuconazole, and triadimenol decreased the CD index of fungi and increased the CD values of organotrophic bacteria and actinomycetes. The S + Te + Tr mixture inhibited the rate of soil microbiota proliferation and this caused changes in microbiota structure, i.e., a higher number of more slowly growing species than of fastgrowing species. This change may result from disorders in the synthesis of the cell wall of microorganisms evoked by the fungicide that contributed to their reduced count and, consequently, to a shift in the structure of microbial communites (Cycoń and Piotrowska-Seget 2015) . Somewhat different relationships were noted in EP values. On days 25 and 50, the lowest average EP values were noted in fungi (0.552 and 0.421, respectively), and the highest average EP values in organotrophic bacteria (0.792 and 0.686, respectively). These results proved that diversity of fungi increased, while that of organotrophic bacteria and actinomycetes decreased. This may be due to the fact that increased doses of the fungicide caused the appearance of new fungal species being more tolerant to the S + Te + Tr mixture. In addition, substances released from dead cells of microorganisms could have been used by fungi as nutrients (Cycoń and Piotrowska-Seget 2015) .
The microbial growth rate (Ks) over a given time period plays an important function in the maintenance of soil ecosystem homeostasis (Table 4 ). In the control treatment, the greatest modifications were found in the first 2 days of incubation. Microbial growth rates were determined at 46.897% for organotrophic bacteria, 44.142% for actinomycetes, and 82.960% for fungi on day 25, and at 49.099%, 28.652%, and 82.766%, respectively, on day 50. Different results were noted in treatments contaminated with the mixture of S + Te + Tr. On day 25 and day 50, organotrophic bacteria and fungi were the most abundant microorganisms. On day 25, the highest proliferation of actinomycetes was noted over a period of 2 days, and on day 50 over a period of 4 days. These results suggest that the most intensive proliferation of microorganisms occurred in the first 4 days of the culture, which confirms that changes in the soil environment could determine the predominance of r-strategists. Metabolites formed during fungicide degradation could have been used as substrates for the growth of rstrategists, i.e., microorganisms capable of proliferating x -average, r coefficient of correlation. Identical letters in columns denote homogeneous groups within a given microbial group, separately for CD and EP in the nutrient-rich environment (Cycoń et al. 2010) . In a study of carfentrazone-ethyl, Tomkiel et al. (2015) demonstrated that microorganisms proliferate most rapidly in the first 4 days of incubation.
Soil enzymatic activity
The calculated proportion of variance explained η 2 indicates that the dose of mixture of S + Te + Tr had the greatest impact on the activity of acid phosphatase (60.10%), whereas time was most likely to determine the activity of urease (81.01%). The tested fungicide inhibited the activity of all soil enzymes, excluding alkaline phosphatase (activity in the 25 days was stimulated). The negative correlation coefficients between fungicide dose and enzyme activity (Table 5) ). The analyzed enzymes can be placed in the order from the most sensitive to the most resistant (based on their average sensitivity to the 27.60- .89%) > alkaline phosphatase (decrease by 2.86%). The S + Te + Tr mixture caused the highest inhibition of urease activity. In the soil environment, this enzyme is strongly associated with organic matter and silty minerals and therefore exhibits higher stability and durability. A significant decrease in its activity may be explained by the fact that the soil used in the experiment could contain an insufficient amount of organic nitrogen compounds indispensable for the proliferation of microorganisms taking part in urea hydrolysis (Rahmansyah et al. 2009 ). It may also be speculated that excess doses of the fungicide triggered changes in the population of microorganisms, which reduced urease production and its release to the soil environment. For this reason, this enzyme became the most susceptible to stress conditions developed in the soil contaminated with S + Te + Tr mixture (Moreno et al. 2007 ). These results are consistent with findings reported by Muñoz-Leoz et al. (2011) and Baćmaga et al. (2016) . Dehydrogenases and catalase are also reliable indicators of soil biological activity. Those enzymes belong to the class of oxidoreductases which are present in the respiratory chain of soil microorganisms (Bello et al. 2013) . In this study, oxidoreductases responded negatively to the combined influence of active substances. The suppressed activity of dehydrogenases in the soil exposed to the S + Te + Tr mixture could be due to the damage of cells of microorganisms susceptible to the fungicide.
Dehydrogenases are representatives of intracellular enzymes whose activity is associated with live cells of microorganisms. For this reason, enzymes released during cell lysis are not accumulated in the soil but undergo rapid denaturation and degradation (Saha et al. 2016) . The sensitivity of dehydrogenases to fungicides was confirmed by Chen et al. (2001) in a study of benomyl and captan and by Jastrzębska and Kucharski (2007) who tested two preparations of fungicides: Unix 75 WG and Swing Top 183 SC. In the present study, catalase activity was inhibited and acid phosphatase was highly sensitive to the tested fungicide. In turn, alkaline phosphatase exhibited various responses, i.e., the S + Te + Tr mixture stimulated its activity on day 25 and inhibited it on day 50. Phosphatases are extracellular enzymes bound by soil colloids which protect them. In addition, excess doses of the tested preparation could trigger changes in conditions occurring in the soil, thus contributing to the suppressed activity of these enzymes (Abbas et al. 2015) . Decreased activity of alkaline phosphatase at day 50 could be due to a decrease caused by the fungicide in the proliferation of fungi which are the main producers of this enzyme (Cycoń et al. 2010) . Such a dependency was also observed in the study conducted by Baćmaga et al. (2018) with chlorothalonil. The results of PCA (Fig. 2) confirmed that spiroxamine, tebuconazole, and triadimenol exerted a negative effect on soil enzymes. The variations in the activity the analyzed enzymes were explained in 68.56% by the PCA 1 and in 23.08% by the PCA 2. The PCA 1 was negatively correlated with dehydrogenases, catalase, urease, and x -average, r coefficient of correlation. Identical letters in columns denote homogeneous groups within a given enzyme group acid phosphatase, and the PCA 2 with alkaline phosphatase. The arrangement of cases in the PCA scatterplot indicates that the highest fungicide dose of 27.60 mg kg −1 had the most contributed to the changes in soil enzymatic activity. Enzyme activity was also influenced by the retention time of mixture of S + Te + Tr in soil. The inhibitory influence of the tested fungicide on enzyme activity you can be attributed to the presence of residual active ingredients in soil. The above is confirmed by the PEC values of active ingredients in Table 1 , indicating that the greatest changes in enzymatic activity could be induced by tebuconazole. The inhibitory effect of the S + Te + Tr mixture on the enzymatic activity of soil may be associated with the inhibition of microorganism proliferation caused by disturbed metabolic processes in their cells, and even by their death. This adverse effect of the fungicide on soil microorganisms could indirectly contribute to reduced synthesis of enzymes participating in biogeochemical cycles (Saha et al. 2016) . The inactivating effects of fungicides on activities of soil enzymes were earlier reported by Raju and Venkateswarlu (2013) , Sułowicz and Piotrowska-Seget (2016) , and Wang et al. (2016) . In addition, these authors confirmed a strong correlation between the activity of soil enzymes and the proliferation of soil microorganisms.
Resistance of Triticum aestivum L. to soil contamination with the mixture of S + Te + Tr
In our study, the RS (resistance index) values of spring wheat exposed to the S + Te + Tr mixture indicate that it hindered the increase of the experimental crops (Fig. 3) . Spring wheat was most sensitive to fungicide doses of 13.800 mg kg −1 and 27.600 mg kg
, and, RS values were determined at 0.263 and 0.112, respectively. The increased sensitivity of spring wheat to the excess doses of the tested fungicide could be due to disorders in plant metabolism. The fungicide could lead to damages of, i.e., chloroplasts, which inhibited the photosynthesis process and retarded nutrients migration in spring wheat plants. As a consequence, these changes led to decreased plant yield and plant resistance to the fungicide (Yuan et al. 2013 ). In addition, test plant growth inhibition could result from the synergistic effect of the S + Te + Tr mixture, which could exhibit higher toxicity compared to a single active substance. The negative effect of fungicides administered in a dose 100 times exceeding their optimal dose on crop growth was earlier confirmed by Baćmaga et al. (2018) and by Jastrzębska and Kucharski (2007) . In the first mentioned study investigating the effect of chlorothalonil on spring wheat growth, authors observed that resistance of the test plant decreased along with increasing soil contamination with the fungicide. In the second mentioned research, the yield of spring barley decreased upon soil contamination with such fungicides as: cipronidil and a mixture of dimoxystrobin and epoxiconazole.
Conclusions
Overuse of chemical pesticides can contaminate farmland, making it unsuitable for agricultural production. Comprehensive analyses are required to assess the influence of pesticides on soil quality and monitor the resulting changes in the soil ecosystem. Analyses of soil biological parameters deliver reliable results. Our findings indicate that excessive doses of the S + Te + Tr mixture adversely affect to the soil ecosystems. The tested compounds exerted a negative effect on the number and biodiversity of soil-dwelling microorganisms, enzyme activity, and spring wheat yield. The predicted environmental concentrations of active ingredients indicate that the tested product should be applied with great caution. Our findings provide valuable data for monitoring soil environments exposed to pesticides.
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